Recent studies in the tallest tree species suggest that physiological and anatomical traits of tree-top leaves are adapted to waterlimited conditions. In order to examine water retention mechanism of leaves in a tall tree, infrared (IR) micro-spectroscopy was conducted on mature leaf cross-sections of tall Cryptomeria japonica D. Don from four different heights (51, 43, 31 and 19 m). We measured IR transmission spectra and mainly analyzed OH (3700-3000 cm ) absorption bands, indicating water molecules and sugar groups, respectively. The changes in IR spectra of leaf sections from different heights were compared with bulk-leaf hydraulics. Both average OH band area of the leaf sections and leaf water content were larger in the upper-crown, while osmotic potential at saturation did not vary with height, suggesting higher dissolved sugar contents of upper-crown leaves. As cell-wall is the main cellular structure of leaves, we inferred that larger average C-O band area of uppercrown leaves reflected higher content of structural polysaccharides such as cellulose, hemicellulose and pectin. Infrared microspectroscopic imaging showed that the OH and C-O band areas are large in the vascular bundle, transfusion tissue and epidermis. Infrared spectra of individual tissue showed that much more water is retained in vascular bundle and transfusion tissue than mesophyll. These results demonstrate that IR micro-spectroscopy is a powerful tool for visualizing detailed, quantitative information on the spatial distribution of chemical substances within plant tissues, which cannot be done using conventional methods like histochemical staining. The OH band could be well reproduced by four Gaussian OH components around 3530 (free water: long H bond), 3410 (pectin-like OH species), 3310 (cellulose-like OH species) and 3210 (bound water: short H bond) cm −1 , and all of these OH components were higher in the upper crown while their relative proportions did not vary with height. Based on the spectral analyses, we inferred that polysaccharides play a key role in biomolecular retention of water in leaves of tall C. japonica.
Introduction
Water transport from root to leaf via xylem in tall trees is realized by the gradient of water potential and supports vital metabolisms like photosynthesis and transpiration (Larcher 2003) . As trees become tall, a gradient of light and water availabilities is formed within the crown (Koch et al. 2004 , Ishii et al. 2008 . At the top of tall trees, light availability for photosynthesis is high, but the water availability is physically constrained by long-distance water transport and increasing gravitational potential and hydrodynamic resistance (Ryan and Yoder 1997 , Midgley 2003 , Franks 2006 .
In a recent study, it was found that tree-top leaves of the tallest tree species, Sequoia sempervirens D. Don (Cupressaceae), have capacity for foliar water storage, which may compensate for constraints on water transport from roots (Ishii et al. 2014) . The same mechanism was also found in the tallest tree species in Japan, Cryptomeria japonica D. Don (Cupressaceae) (Azuma et al. 2016) . In both species, greater water storage capacity of tree-top leaves was associated with larger volume of transfusion tissue, which is gymnosperm-specific conducting tissue surrounding the vascular bundle and has functions in water storage and transportation (Takeda 1931 , Hu and Yao 1981 , Brodribb et al. 2010 , Oldham et al. 2010 , Aloni et al. 2013 , Azuma et al. 2016 . These results suggest that the anatomical structure of tree-top leaves is adapted to the water-limited conditions. It remains unclear, however, where and how much leaf tissues actually retain water.
Here, we used infrared (IR) micro-spectroscopy to investigate anatomical structures in leaves of tall C. japonica that contribute to water retention. Infrared micro-spectroscopy can visualize detailed, quantitative information on location and concentration of various compounds residing within tissues (Gierlinger and Schwanninger 2007, Fackler et al. 2010) , which cannot be done using conventional methods such as histochemical staining. Infrared spectroscopy has been used in plant studies such as plant anatomy, physiology and ecology (Bamba et al. 2002 , Dokken et al. 2005 , Ribeiro da Luz 2006 , Heraud et al. 2007 , Martín-Gómez et al. 2015 . Infrared spectroscopy can visualize spatially localized distributions and relative amounts of chemical components within tissues and cells Davis 2007, Heraud et al. 2007) .
Water molecules are considered to be present in various physicochemical states because of varying hydrogen bond distances among them (Maréchal 2007) . In IR spectroscopy, OH stretching absorption frequency is known to decrease with decreasing intermolecular hydrogen bond distance (Nakamoto et al. 1955) . Therefore, IR OH bands are used for studying the hydrogen bonding nature of water molecules associated with bio-macromolecules. Such physicochemical differences of water molecules are considered to affect physiological functions in living systems (Nakashima et al. 2004 , Maréchal 2007 . Although the hydrogen bonding nature of water molecules may be associated with water retention, it has not been documented in tree leaves. To investigate water retention mechanisms in the leaves of tall C. japonica, we measured OH and C-O absorption bands on leaf cross-sections using IR micro-spectroscopy to visualize where and how much water and sugars reside within leaf tissue. Our final goal is to elucidate molecular mechanisms of water retention within leaves. Here, we show initial results of IR microspectroscopy in association with physiological measurements of leaf water-relations characteristics to demonstrate application of this new technique to tree ecophysiology research.
Materials and methods

Sample collection
A 250-year-old C. japonica tree (height = 51 m, diameter at breast height = 114 cm) at Nibuna-Mizusawa Forest Reserve, Tashirozawa National Forest in Akita Prefecture, Japan (40.08°N, 140.25°E, 200 m altitude from sea level) was selected here as a representative tall, mature tree. In November 2013, we accessed the crown of the study tree using a single-rope climbing technique. We collected small branches (30−50 cm long) from the outer crown from just below tree-top to the lowest living branches at four different heights (51, 43, 31 and 19 m) . Some parts of sample branches were sealed in black plastic bags and stored in a refrigerator for IR micro-spectroscopy and the rest were used soon after sampling for physiological measurements. To quantify the light environment as canopy openness, hemispherical photographs were taken directly above each sampling location and analyzed using Gap Light Analyzer (ver 3.1, Simon Frazer University, Bernaby, BC, Canada). Canopy openness was 19.2%, 21.8%, 22.9% and 83.5% at 19 m, 31 m, 43 m and 51 m, respectively.
IR micro-spectroscopy for leaves
Second-year leaves (mature leaves) were transversely sectioned at the midpoint between leaf tip and base to 24 μm thickness using a sliding microtome equipped with a frozen mounting device (REM-710, Yamato Kohki Industrial Co., Ltd, Saitama, Japan) ( Figure 1a) . Three leaves at each height were sectioned and mounted on an IR-transparent CaF 2 crystal (Figure 1b) .
In order to confirm that water in the sectioned leaves was in equilibrium with the room temperature/humidity conditions, transmission IR spectra of a leaf section sampled at 43 m height was measured at intervals of 60 s using a Fourier-transform region. Then at 9, 17 and 23 days after sectioning, transmission IR spectra of all leaf sections at four heights were measured using the same FT-IR micro-spectrometer with the same aperture in the central part of leaf cross sections with the same measurement conditions as above. During the measurements, room temperature and humidity were kept constant around 22°C and 35%, respectively, by air conditioner. Infrared band areas of OH (3700-3000 cm −1 ) and C-O (1190-845 cm −1
) were measured with baselines set for each band region by Spectra Manager software (Jasco). We calculated their mean values of three leaf samples for each measurement day.
In the interval measurement of transmission IR spectra, OH band area in the sectioned leaves decreased during the first 7 h after sectioning and then became constant. Infrared spectra of the leaves from four different heights did not show significant changes 9, 17 and 23 days after sectioning, indicating that loss of water from the leaf sections was limited to the first several hours and water contents equilibrated with ambient humidity/ temperature thereafter.
To measure microscopic distribution of water and polysaccharides over a wider area at higher spatial resolution, IR micro-spectroscopic imaging was also performed on the same leaf sections after 1 day from sectioning using an IR imaging micro-spectrometer (Nicolet iN10MX, Thermo Fisher Scientific, Yokohama, Japan) equipped with a 16 channel linear array MCT detector (1 pixel: 25 μm × 25 μm). Infrared spectra were obtained with 1 scan in the 4000-800 cm −1 region at 16 cm −1 resolution.
Infrared mapping images of the spatial distribution of band areas and peak height within the leaf cross-sections were generated using OMNIC Spectra Software (Thermo Fisher Scientific). To quantify IR band areas of leaf tissue, three IR spectra from mesophyll, two IR spectra from transfusion tissue and one IR spectra from vascular bundle were selected from the IR mapping images using OMNIC Spectra Software. Then, the IR band areas of OH (3700-3000 cm −1 ) and C-O (1190-845 cm
) of each tissue were measured using Spectra Manager software.
Identifying OH and C-O band species correlated with water retention
The IR spectrum of the leaf section at 19 m height was subtracted from those at 51, 43 and 31 m heights to discriminate different water and polysaccharide species at different heights. To normalize spectra among different heights, the 19-m spectrum was multiplied by a coefficient (1.98, 1.20 and 1.33 for 51, 43 and 31 m, respectively), which was derived so that the difference spectra at 3000 cm −1 (which is considered as the stable absorption minimum) between 19 m and each height is zero. In the OH stretching region, positive bands at 3530 cm
and 3210 cm −1 were observed. These bands were higher for upper-crown leaves. In IR spectroscopy, there is a large body of literature indicating strong correlations between C-O and OH band areas and carbohydrate and water contents, respectively (e.g. Liang and Marchessault 1959 , Olsson and Salmén 2004 , Mayers et al. 2013 , Kudo et al. 2017 . Cellulose and pectin are two major polysaccharides in leaf tissues. To examine OH bands of cellulose and pectin, 0.5 wt % cellulose and pectin pellets were prepared from cellulose powder (CAS No. 9004-34-6, Wako Pure Chemical Industries Ltd) and pectin powder (CAS No. 9000-69-5, Wako Pure Chemical Industries Ltd, Osaka, Japan) by the KBr pellets method (Smith 2011 , Tonoue et al. 2014 , for measuring IR transmission spectra with the same conditions as the measurement of transverse sectioned leaf using Jasco's FT-IR micro-spectrometer. Here, the 3310 cm −1 band is considered to be from OH groups in cellulose, while the 3410 cm −1 band is from -COOH groups in pectin.
As the OH band positions observed in the difference spectra of leaves (3520, 3250 cm
) and in the cellulose and pectin films (3310, 3410 cm ) were considered to be a representative OH band components of leaves, they were used as fixed positions for fitting the OH bands of leaves by four Gaussian bands to compare compositions of OH species among different heights/tissues. Infrared spectra of sectioned leaves were compared with those of cellulose and pectin for C-O absorption bands in the 1800-1000 cm 
Relationship between OH band area and amount of water
To test the relationship between increasing OH band area and amount of water, the IR spectrum and weight changes of water adsorption/desorption of a pectin film was measured simultaneously using the same FT-IR micro-spectroscopy as leaf samples and Quartz crystal microbalance (QCM-30L, SEIKO EG&G, Tokyo, Japan) under controlled relative humidity (RH, %) following methods described in Kudo et al. (2017) . Pectin film was made from 0.3 wt % pectin solution. We measured the IR spectra and weights of pectin film at RH = around 20%, 30%, 40%, 50% and 60%, and then calculated the change in OH band area (3700-3000 cm
) and amount of water (μg) with the change in RH.
With increasing water adsorbed on pectin film under controlled RH, the OH band area increased linearly ( Figure 2 , R 2 = 0.99, P < 0.001). These correlations support that (i) OH band area in IR spectra of leaves can be a good indicator of water retained in leaf tissues such as pectin and (ii) water represented by the OH band area is associated with polysaccharides represented by C-O band area.
Physiological measurement of leaf hydraulics
To compare the results of IR micro-spectroscopy with physiological measurements, five or six shoots comprising second-and current-year internodes were removed from sampled branches at each height for measurement of bulk leaf hydraulic properties
Tree Physiology Online at http://www.treephys.oxfordjournals.org as described in Azuma et al. (2016) . Briefly, osmotic potential at saturation (Ψ sat , MPa), osmotic potential at turgor loss (Ψ tlp , MPa), relative water content at turgor loss (RWC tlp ) and leaf capacitance (C leaf , mol m
) were obtained from the pressure-volume curve using the bench drying approach (Tyree and Hammel 1972, Schulte and Hinckley 1985) with a pressure chamber (Model 1000, PMS Instruments, Corvallis, OR, USA). Then, all the sample shoots were photographed for measurement of leaf surface area. The saturated leaf water content (WW, g) was calculated by subtracting the dry weight, after drying to constant weight at 65°C, from the fresh leaf weight at water saturation. Leaf dry weights were normalized by the leaf surface area to obtain saturated leaf water content per unit area or succulence (S leaf , g H 2 O m −2 ; Bacelar et al. 2004 , Ishii et al. 2014 , Azuma et al. 2016 ).
Data analyses
We compared the effects of light environment (O c , canopy openness) and height on IR spectra and bulk-leaf hydraulics using regression analysis, following the methods described in Coble and Cavaleri (2015) . O c was log transformed to normalize the variance. To compare IR measurements and physiological measurements, OH and C-O of IR band area were analyzed in relation to bulk-leaf hydraulics using regression analysis. OH and C-O band areas were compared among leaf tissue (mesophyll, transfusion tissue and vascular bundle) using Tukey's HSD test (P < 0.05) after regression analysis against height for each tissue. Compositions of OH species among 3530, 3410, 3210 and 3310 cm −1 were compared among leaf tissue using Tukey's HSD test (P < 0.05) after regression analysis against height for each OH species.
Results Figure 3a shows IR absorbance spectra of the leaf at 51, 43, 31 and 19 m height 23 days after sectioning. Although IR spectra were measured in the 4000-800 cm −1 range, data below 900 cm −1 are not shown in Figure 3 Table 1 . When the IR spectra of sectioned leaves ( Figure 3a ) was compared to that of the pectin and cellulose (Figure 3b ), the bands in the 1800-1000 cm ) band areas were positively correlated with both light (O c ) and height. OH band area was more affected by light than height, while C-O band area was more affected by height (Table 2) . OH and C-O band areas were positively correlated with each other (Figure 4 , R 2 = 0.54, P < 0.001).
IR micro-spectroscopic imaging allowed visualization of the spatial distribution of absorption bands within leaf sections ( Figure 5 ). In the leaf at 19 m height, OH band area (3700-3000 cm A fitting result of four representative OH band components of leaves is shown in Figure 6a . Average band areas of the four Gaussian components for three samples at each height was highest in the tree-top leaves (Figure 6b ). On the other hand, band area ratios did not vary with height (Figure 6c ). The band area of 3410 cm −1 (-COOH groups in pectin-like species) and 3210 cm −1 (water molecules with shorter H bonds) components occupy about 30%, respectively, and those of 3530 cm −1 (water molecules with longer H bonds) and 3310 cm −1 (OH groups in cellulose-like species) occupy about 20%, respectively, suggesting bound water might be more abundant than free water. and 31 m, respectively) so as to obtain the absorbance zero at 3000 cm −1 to discriminate water and polysaccharide species at different heights. The assignments of bands are summarized in Table 1 .
Tree Physiology Online at http://www.treephys.oxfordjournals.org Selected IR spectra in mesophyll, transfusion tissue and vascular Figure 7 shows the average OH and C-O band areas of mesophyll, transfusion tissue and vascular bundle from different heights (n = 3, 2 and 1, respectively, at each height). For each tissue, both band areas show no systematic trends with height. Both band areas were largest in vascular bundle, followed by transfusion tissue and smallest in mesophyll. Figure 8 shows the percentages of average band area ratios of mesophyll, transfusion tissue and vascular bundle (n = 3, 2 and 1 at each height, respectively) as the fitting results of representative OH band components. For each OH band components, the average band area ratios show no systematic trends with height. The band area of 3410 cm −1 (-COOH groups in pectinlike species) was the most abundant component in each tissue, especially in mesophyll.
Bulk-leaf hydraulics
With the exception of Ψ sat and Ψ tlp , bulk-leaf hydraulic properties were correlated with both light (O c ) and height (Table 2) . RWC tlp , WW and S leaf were more affected by light, while C leaf was more affected by height. Bulk-leaf hydraulic properties, except for Ψ sat , Ψ tlp and S leaf , were correlated with average OH and C-O band areas (Table 3) . Saturated leaf water content (WW) was correlated with both OH and C-O band areas, while C leaf and RWC tlp were correlated with C-O band area.
Discussion
Our study demonstrated that IR micro-spectroscopy is a powerful tool for visualizing detailed spatial distribution of chemical substances within plant tissue. Infrared spectroscopy has been used for investigating hydrogen bonding in complex organic polymers Table 1 . Assignments of IR bands observed in transmission spectra in 
Abbreviations: ν as , asymmetric stretch; ν s , symmetric stretch; δ as , asymmetric deformation (bend); δ s , symmetric deformation (bend). Band assignments are taken from the listed references.
Tree Physiology Volume 37, 2017 such as lignin, cellulose and hemicellulose (e.g. Maréchal and Chanzy 2000 , Olsson and Salmén 2004 , Kubo and Kadla 2005 , Fackler et al. 2010 ). While we could not elucidate how water is bound to mixed polymers within leaves, the observed height-related pattern of spatial correlation between OH and C-O band areas within leaf tissue (Figures 4 and 5) , suggest polysaccharides may contribute to water retention in tree-top leaves. Osmotic regulation in leaves is considered to be controlled mainly by dissolved sugars in plant cells (Ackerson 1981 , Watanabe et al. 2000 . In this study, osmotic potential of saturated leaves did not change with height, suggesting larger amounts of dissolved sugars in the tree-top leaves, which have higher leaf water contents. Constant osmotic potential of saturated leaves within crown was observed during bud break in May (Azuma et al. 2016 ) and late season in November in this study, suggesting that osmotic potential may be constant throughout the growth season in tall C. japonica. The IR spectra of the 1800-1000 cm −1 region suggested that sectioned leaves contained polysaccharides, in particular pectin-like materials. Plant cellwalls consist of structural polysaccharides such as cellulose, hemicellulose and pectin whose proportions change for different species (Evert 2006 , Fukushima et al. 2011 . These polysaccharides are the main substances of the cellular framework. We postulate that, in the case of very thinly sliced leaves equilibrated with the ambient environmental humidity, water molecules are retained in microstructures of the cellular framework containing polysaccharides.
The results of correlations among OH band area and bulk-leaf hydraulics suggested that the OH band area of the IR spectrum reflected the amount of water in cross-sectioned leaves, but there were no clear relationships with some measures such as Ψ tlp and C leaf . In tall trees, leaf hydraulics change in response to the vertical gradients of water potential, which is determined by both height via hydrostatic gradient and light via evaporative demand (Ryan and Yoder 1997, Koch et al. 2004 ). We found, in tall C. japonica, measures of water retention and storage (OH band area, RWC tlp , WW, and S leaf ) were more affected by light than height. This may reflect physiological adaptation for maintaining leaf water status near the tree top, where the light environment is favorable for photosynthesis. Correlations of C-O band area with RWC tlp , C leaf and WW suggest that some sugar species may be involved in determining leaf hydraulic properties. Both C-O band area and C leaf were more affected by height than light, suggesting physiological adaptation to the hydrostatic gradient of water potential may be achieved by increasing non-structural carbohydrate concentration in leaves. Bamba et al. (2002) investigated the localization of polyisoprene in young stem tissues of Eucommia ulmoides Oliver using histochemical staining and IR micro-spectroscopy. They showed by IR micro-spectroscopy the localization and accumulation of polyisoprene in plant tissue. In our study, while conventional dye staining method (e.g., periodic acid-Schiff staining) to visualize polysaccharides on the present leaves showed global pink coloration of the entire leaf (data not shown), IR mapping of C-O band area showed localization of polysaccharides as well as quantitative information of their relative concentrations. In addition to visualization within the cross-sectioned leaf in IR maps, selected IR spectra of individual tissue showed characteristic chemical compositions of individual tissue. Among the three main water-related leaf tissues (mesophyll, transfusion tissue and vascular bundle), our results indicated that much more water is retained in vascular bundle than mesophyll. The water storing function of transfusion tissue acts as a hydraulic buffer in leaves of tall C. japonica preventing excessive decrease in xylem water potential Table 2 . Results of regression analyses of IR band areas and bulk-leaf hydraulics in relation to canopy openness (O C ) and height (H).
Respose variable (a) Light only (b) Height only (c) Light and height Partial R 2 for adding: Model equations: (a) y = β 0 + β 1 ln(O C ); (b) y = β 0 + β 1 H; (c) y = β 0 + β 1 ln(O C ) + β 2 H. *P < 0.05, **P < 0.01, ***P < 0.001. Tree Physiology Online at http://www.treephys.oxfordjournals.org Tree Physiology Volume 37, 2017 (Azuma et al. 2016) . Here, we showed more water is retained in transfusion tissue than mesophyll. Such a gradient in water retention capacity from sink to source may function to maintain hydraulic safety of water transport within leaves.
Since pectin-like OH species is the major component, particularly in mesophyll, pectin may contribute to water retention in thin cell walls and large cytoplasm of mesophyll, in contrast to thick cell walls and small conduits of vascular xylem and transfusion tissue. In a recent novel study, Bouche et al. (2016) conducted visual quantification of hydraulic failure in leaf and stem tissues to test the vulnerability segmentation hypothesis using high-resolution computed tomography, and suggested the importance of imaging techniques for vulnerability curves. Quantitative visualization of plant functional traits conducted in conjunction with measurements of dynamic, physiological responses and micro-scale anatomical structure are thus expected to provide effective new ways to study plant physiology.
Biomolecules relating to water retention
Based on inferences made by examining which OH band components are present in the OH stretching region, we present a hypothesis for biomolecular retention of water in leaves. The amount of water retained in leaves was greater for tree-top leaves, but the water species seems to be similar among different heights, indicating that the physicochemical traits of water do not change with height. This suggests higher content of water-retaining substances such as pectin-and cellulose-like compounds in tree-top leaves. Considering the main C-O species detected from the difference spectra, higher content of proteins in upper-crown leaves is likely to reflect high-light acclimation for increasing photosynthetic proteins such as Rubisco (Warren and Adams 2001) . The increase of COO -possibly linked to pectin in the tree-top leaves can be explained by decarboxylation of -COOH and its binding to Ca 2+ in the cell Figure 7 . OH and C-O band areas in mesophyll, transfusion tissue and vascular bundle regions extracted from the IR mapping results for different heights. Different letters denote significant differences among tissues (P < 0.05, ANOVA followed by Tukey's HSD test). Figure 8 . Average band area ratios (percentages in the total band areas) of four OH species (free, pectin-like, cellulose-like and bound water) for mesophyll, transfusion tissue and vascular bundle regions extracted from the IR mapping results for different heights. Different letters denote significant differences among OH species (P < 0.05, ANOVA followed by Tukey's HSD test).
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forming Ca 2+ --OOC linkage for cell walls of leaf tissue (Demarty et al. 1984 , Liners et al. 1989 , Dunand et al. 2002 . The presence of positive bands from 1740 to 1610 cm −1 (Figure 3c ) can also be explained by this conversion of COOH (1740 cm −1 ) to COO -(1610 cm −1
). The IR maps showed, for C-O-C bands, the ratio of two bands (1120 cm −1 for 1170
) of polysaccharides was higher in upper-crown leaves around the vascular bundle and transfusion tissue (Figure 5c ). On the other hand, amounts of water and polysaccharides were greater in peripheral regions of mesophyll (Figure 5a and b) . The band around 1145 cm −1 for pectin ( Figure 3b ) can be shifted to the lower wavenumber region by hydrogen bonding of adsorbed water molecules to C-O species. Therefore, the increase in the ratio of 1120 cm −1 for 1170 cm −1 with height for mesophyll regions in the IR map ( Figure 5c ) can be tentatively explained by a shift of C-O bonds by hydrogen bonding to water molecules. Thus, some changes in polysaccharides might be related to the effective radial transport and retention of water in tree-top leaves, although its origin remains unknown. As described above, Ca 2+ ions are known to bond to deprotonated carboxyl groups (COO -) (e.g., in pectin) to form Ca bridges linking polysaccharide molecules in plant cell wall ( Figure 9a , Demarty et al. 1984 , Liners et al. 1989 , Dunand et al. 2002 . If polysaccharides are involved in water retention in leaves, one possible mechanism could be that water molecules are bound to the Ca-linked pectin molecules by hydrogen bonding to C-O-C and C-OH (Figure 9b ). Although further detailed studies for water adsorption by polysaccharides (pectin, cellulose and hemicellulose), lignin, proteins such as Rubisco, and lipids in leaves are needed, our observation of higher polysaccharide content in tree-top leaves suggests that a similar mechanism could explain water retention in leaves of tall trees.
Physiological significance of water retention in tall trees
In tall trees, water transport from root to tree-top is necessary for photosynthesis, and ultimately for tree growth and survival, but becomes physically difficult with increasing height. To overcome this constraint, stored water could help alleviate water stress in tree top leaves, especially if it is easily readily accessible. In Pseudotsuga menziesii (Mirb.) Franco var. menziesii, it is suggested that stem water storage plays a significant role in the water economy with increasing tree size and helps to maintain whole-tree transpiration (Phillips et al. 2003 , Cermák et al. 2007 ). Among canopy trees in a Hawaiian dry forest, stem water storage capacity was positively correlated with water transport efficiency (Stratton et al. 2000) . In S. sempervirens and C. japonica, larger amounts of stored water in leaves compensate severe water stress at the tree-top (Ishii et al. 2014 , Azuma et al. 2016 . In young Picea abies L., stored water contributes up to 10% and 65% of daily transpiration on sunny and cloudy days, respectively (Zweifel et al. 2001) . In young C. japonica, stored water contributes up to 10% of total daily transpiration on sunny days, more than half of which is stored in leaves (Himeno et al. 2017) . These studies suggest that stored water in stem and leaves play a significant role for maintaining physiological function in trees. Our results showing greater water retention in tree-top leaves of tall C. japonica, which are in a favorable light environment, give additional support to physiological acclimation of leaves to increasing height in tall trees. A novel finding of this study is that polysaccharides may be associated with water retention in leaves.
Future issues
In this study, we focused on OH absorption bands in IR spectra of cross-sectioned leaves and analyses of the detailed OH band species characteristics. The results of four OH components at different heights and tissues suggested that some changes in polysaccharides might be related to the effective radial transport and retention of water. To explain the relationship between hydrogen bonding and sugar species, we need to seek individual sugar species from the C-O absorption band and investigate what C-O band species are correlated with OH band species. It is also necessary to investigate the correlation of IR bands with conventional chemical carbohydrate analyses of bulk-leaf for individual polysaccharides. In addition to osmotic regulation by dissolved sugars, water may also be bound in microstructures of the cellular framework involving Ca bridges linking pectin chains, one possible mechanism for water retention within leaves. The role of bound water in plant physiology may be elucidated by focusing on physicochemical traits of retained and transported water in future studies.
